Abstract-The implementation of a hybrid fuel cell/battery system is proposed to improve the slow transient response of a fuel cell stack. This system can be used for an autonomous device with quick load variations. A suitable three-port, galvanic isolated, bidirectional power converter is proposed to control the power flow. An energy management method for the proposed three-port circuit is analyzed and implemented. Measurements from a 500-W laboratory prototype are presented to demonstrate the validity of the approach.
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I. INTRODUCTION

F
UEL cells have very slow response due to the natural electrochemical reactions required for the balance of enthalpy [1] - [4] . Therefore, electrical output load power is not matched during transients, and the deficiency or surplus must be managed by an external leveling system. A fuel cell generator will shut down or collapse when more current is taken than it can supply; so, current demand should never exceed the available current. Current demand may be less than available current, but this results in unused fuel and decrease of efficiency from the fuel cell. For these two reasons bidirectional energy storage is required to sink/source the power difference. Lead acid batteries provide a suitable choice for storage because they show fast response time to load changes, being therefore capable of handling the power difference between the load demand and the available fuel cell generation. Moreover, lead acid batteries are not expensive, and widely available.
The subject of this paper is the design and the implementation of a suitable interface circuit for a hybrid fuel cell/battery system, aiming at feeding a small autonomous load. An overview of the complete system is shown in Fig. 1 , where a converter controls the power flow between a 25-39 V, 500-W PEM fuel cell stack and 48-V lead acid batteries. As soon as power deficiency or excess occurs because of load variations, the converter regulates this extra power flow from or to the energy storage element. Furthermore, since the possibility to supply ac loads through a 400-Vdc inverter output should also be available, a three-port bidirectional topology has to be chosen in view of the characteristic behavior of the fuel cells, batteries, and load. Of course, there should be no compromising in reliability and battery lifetime.
Multiple-port, bidirectional converter topologies that may be suitable for the system requirements in Fig. 1 can be found in the literature [5] , [6] . The main drawback of the existing concepts is that they cannot handle a wide variety of voltage range inputs. A resonant converter topology is presented in [7] , but it is very hard to implement. Since the system under consideration combines a 25-39 V fuel cell stack and 48-V batteries with a 400-V inverter output, the use of magnetic transformers may facilitate 0885-8993/$25.00 © 2007 IEEE matching the different voltage levels. The dual active bridge described in [8] , proposed to control the power flow between two ports, can be expanded to three ports in order to satisfy the needs of the complete system in Fig. 1 . The advantages of a magnetically coupled, multiple-port topology aiming at UPS applications have also been recognized in [9] . This paper is a reviewed version of our previous work [10] . A three-port concept for the converter, which employs a single high-frequency isolation transformer, is introduced in Section II. Then, a control-oriented modeling approach is presented in Section III. Short-term and long-term power management strategies are discussed in Section IV. Theoretical considerations are verified by simulation results in Section V, and by measurement results in Section VI. Finally, concluding remarks are placed in Section VII. Fig. 2 (a) shows a three-port converter, as an extension of the ideas in [8] , which may support the bidirectional energy flow requirements in Fig. 1 . The full-bridge modules are coupled by means of a three-winding transformer, eventually with the addition of external inductors. Each full-bridge operates at fixed switching frequency (100 kHz in the current application) and fixed 50% duty cycle. The power flow between sources and sinks can be controlled by shifting the switching patterns with respect to the master module, i.e., the fuel cell bridge.
II. TRANSFORMER-COUPLED CONVERTER
III. SYSTEM MODELING
Conceptually, the circuit in Fig. 2 (a) can be viewed as a grid of inductors (the transformer magnetizing inductance, leakages and external inductors) driven by controlled square-wave voltage sources. The voltage sources are phase shifted from each other by controlled angles, and these displacements impose the power flow between the sources. Fig. 2(b) illustrates this fundamental modeling approach, based on the -equivalent transformer representation with the magnetizing inductance and the leakages referred to the fuel cell side. The transformer -model in Fig. 2(b) facilitates the system analysis, in addition simple formulas allow to convert the parameters from a conventional T-model to the -description (see Appendix). According to the definitions in Fig. 2 , the relationship between the bridge phase shift angles and the power flow in the system is found to be
where and switching frequency;
and load and battery voltages, respectively, referred to the fuel cell side; and phase shifts (in radians) of the load bridge and battery bridge with reference to the fuel cell bridge, respectively; power delivered by the fuel cell generator; power consumed by the load (a negative means energy injection into the grid of inductors from the dc buffer capacitor at the load side); power stored into the battery (negative sign means that the energy is drawn from the battery). 
IV. POWER FLOW CONTROL
On the basis of (1)-(7) different control strategies can be realized. For instance, if is imposed by a classic analog (PID) compensator the voltage is kept constant. If increases due to some load variation, will be decreased accordingly such that less power will be delivered to the dc buffer capacitor at the load side. As a consequence of (1), phase shift will impose the power flow through in Fig. 2(b) , that is
In order to avoid multiple solutions in (8), the absolute value of the load bridge phase shift must be bounded to 2.
Let now denote the desired electric power to be delivered by the fuel-cell generator (normally , the nominal power of the fuel cells.) Then, in view of (2), (4), and (8), the phase shift to be adjusted in the battery bridge should obey (9) where (10) After some algebraic manipulations, the solution of (9) is found to be sign
Another possible energy flow situation would be to charge the battery when the power delivered to the load, denoted as , is (11), the battery will be charged with an average current level , where Eventually, by making the charging process will be stopped.
In the power management policies described above, it should be clear that is obtained by means of closed-loop control, as implemented by an analog compensator that compares continually the error between and a desired reference value. However, the value of is obtained by means of feed-forward control according to (11) on the basis of measured values of a few circuit variables ( , , and ). The calculations in (11) can be easily performed by a digital signal processor.
V. SIMULATION RESULTS
A Spice-based model was developed to investigate the performance of the system. Parameters for the simulations are as follows.
• Fuel-cell generator: modeled according to [1] . Fig. 4 shows the equivalent circuit, where with 57 V, 0.3 V, 30 mA, 4.6 A, 0.23 , 270 mF, and is the current drawn from the terminals.
• Battery: modeled as a constant current source ( 48 V). 100 kHz. In all situations the same PI-compensator was applied to control the output voltage, implemented as (12) with , and 6.2 rad/V, 50 krad/s. A variety of operating conditions were studied to verify the effectiveness of the power control algorithm. Fig. 5(a) shows the response of the system to step changes in the load, assumed in this case to be resistors suddenly switched in parallel with the output dc capacitor. The results in Fig. 5(a) illustrate the output voltage is regulated to a constant value, while the power delivered by the fuel cells remains unchanged at its nominal value. Fig. 5(b) also shows a charging cycle for the battery while keeping constant the power delivered to the load. Simulation results have also shown that, if the circuit parameters are adequately designed, it is possible to assure soft-switching for all bridges over the whole phase shift range.
VI. EXPERIMENTAL RESULTS
An experimental set-up was assembled using Mosfets as switching devices, the test circuit being rated at 500 W for 100-kHz switching frequency. A PEM 500-W fuel cell set from Avista Labs [1] was used as generator in combination with 48 V-12 A lead-acid batteries. A dSpace DS1104 controller board has been chosen to implement the energy management strategies. The experimental circuit parameters are shown in Table I , together with the ones used for numerical simulations in the previous section. Fig. 6 gives an overview of the laboratory set-up.
The overall system control is based on prescribed phase-shift of a three-port magnetic coupled structure. This control strategy works really well during steady-state conditions. However, during transients there is always a dc-offset that may build up in one of the ports, which can lead the transformer towards saturation. Although a programmable slew-rate on the phase-shift control helps to mitigate the dc-current build-up, with an eventual decay based on the time constant of the magnetic structure's Thevenin equivalent circuit, the transformer needs to incorporate an airgap to store any remaining energy. The worst-case scenario was simulated in order to determine the required magnetizing inductance of the transformer. In addition to the phase-shift transients under rated power conditions, the effects of harmonics were also considered. For this particular structure a value of 350 H was determined that would lead to a maximum of 10% of dc-current flow (based on rated power). The (Philips' proprietary) software programs Magtool and Conv were used to design and optimized the transformer core, windings, interleaving and half-winding effects. A combination of Litz wire (for primary) and solid wire (for secondary) was determined. The transformer parameters are given in Table II and the experimental setup corroborated the successful operation of this transformer under practical conditions. Fig. 7 shows measurement results illustrating characteristic voltage and current waveforms. Operating conditions are chosen to be equivalent to the ones as for the simulation results in Fig. 3 . A comparison between both figures reveals that the simulated and measured results are consistent. Also, it is possible to recognize the soft-switching operation of the topology from the voltage and current waveforms in Fig. 7 . Fig. 8 illustrates the response for a pulsating load demand while keeping the power drawn from the fuel cells constant, and the ability to charge the battery according to an arbitrary profile. In Fig. 8(a) , a step reduction of about 50 W in the load takes place; it can be seen that after a transient the power delivered by the fuel cells returns to its nominal value while the deficit is covered by the battery. In Fig. 8(b) , the output load is kept constant and an increase of around 50 W is injected into the system by the fuel cells. Therefore the power delivered by the battery decreases. In Fig. 8(c) , the fuel cell generator feeds the load (step increase of 50 W) while the energy from the battery is kept constant. In Fig. 8 , the current variations are directly related to energy changes because during the time period shown the voltage changes are not significant.
VII. CONCLUSION
A power electronic system capable of interfacing battery energy storage to a fuel cell generator and a generic load was described. A three-port galvanically isolated topology was developed based on full bridge converters that allow bidirectional power flow in each port. Such a configuration facilitates the matching of different voltage levels in the overall system. The transformer design was optimally performed in order to incorporate the leakage inductances as required by the topology. The power flow control has a closed-loop strategy to keep output voltage constant during transients, with a feedforward strategy to distribute the energy. The fundamental behavior of the proposed converter system was verified on a 500-W Avista fuel cell system.
APPENDIX
Considering the three-port transformer in Fig. 2 , parameter conversion from the T-model to the -model representation is as follows:
and, conversely, from -to T-model 
